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Abstract 
The fatigue strength of welded joints is generally irrespective from the base material yield strength due to notch 
effects at the weld toe or root, tensile residual stresses by the thermo-mechanical joining process and significant 
changes in local material properties within the heat-affected zone. An effective way to increase the potential of light-
weight design exhibits the application of post-weld treatments. Mechanical methods as the high-frequency 
mechanical impact treatment (HFMI) reduces the geometrical notch, introduces compressive residual stresses and 
increases the local hardness in the surface layer of the post-treated weld toe area. 
In this paper the fatigue strength of HFMI-treated joints superimposed by stress-relief annealing is studied. High-
strength steel grades S690 and S960 are investigated in as-welded and HFMI-treated condition, both before and after 
stress-relief annealing. Fatigue tests at a tumescent stress ratio of R=0.1 show an essential increase of the fatigue 
strength due to the HFMI-treatment compared to the as-welded condition. In contrary, the superimposed post-heat 
treatment lowers the fatigue strength of HFMI-treated high-strength steel joints characteristically, but however, the 
final condition exhibits a higher fatigue strength compared to the initial as-welded state. Special focus is laid on the 
influence of welding distortion, whereat numerical simulations and experimental strain gauge measurements support 
the back tracing of the acting mechanism. The results indicate that the final local mean stress state due to clamping 
of the distorted specimens significantly affects the local effective stress ratio at the weld toe during testing, which 
basically needs to be considered for the fatigue strength evaluation. 
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1. Introduction 
Welding, as thermo-mechanical process, strongly influences the local material due to rapid heating and 
subsequent cooling as well as the affect of additional filler material, resulting in inhomogeneous material properties. 
To assess the fatigue strength of welded high-strength steel joints not only the base material, also the welding 
process parameters and further post-treatment techniques are essential. By permanently increasing economical 
requirements to create light weight structures an improvement of the fatigue performance of welded joints is 
essential. According to the conservative IIW-recommendation [1], the fatigue strength of welded structures is mostly 
independent of the base material yield strength and thereby, the application of high-strength steels only lead to a 
minor enhancement of the lifetime. To utilize the increased base material strength post-treatment methods like the 
High Frequency Mechanical Impact (HFMI) treatment are common in industrial applications. Furthermore, in some 
specific technical areas, an additional stress-relief annealing is necessary and required; where at the local properties 
of the welded and HFMI-treated weld toe may be modified significantly. 
In the course of this paper the effect of the HFMI-treatment and a subsequent stress-relief annealing as post-heat 
treatment (PHT) on the fatigue strength of high-strength steel joints is investigated. A thin-walled T-joint, 
incorporating nominal base material yield strength of 690 and 960 MPa, is analyzed. The specimen geometry and 
dimensions are presented in Fig. 1. 
 
  
Fig. 1. Geometry of investigated T-joint specimen 
2. Specimen manufacturing 
2.1. Welding and HFMI-treatment 
The specimens are welded by the aid of a feed motion device to guarantee equal consistent local properties at the 
weld toe and obtain comparable test results. Discontinuous regions by the initiation and end the welding process are 
removed from the testing area afterwards. A reduction of the residual stresses state in the direction of the weld is 
allowed through the insertion of expansion joints across the welded joint. Details about the welding of the T-joint 
specimens involving the set-up and parameters are provided in [2]. 
 
Nomenclature 
D Angular deformation of specimen [°] 
'V Stress range (Vn for nominal and Vk for notch stress) [MPa] 
k Slope of S/N-curve [-] 
Nk Transition knee point of S/N-curve [-] 
R Stress ratio [-] 
TS Scatter band between 10 % and 90 % survival probability [-] 
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Subsequent to the welding process the specimens are post-treated by the HFMI-method, whereat one major 
parameter represents the radius of the hardened pin, which is set to R=2 mm in order to fit to the weld seam size of 
the investigated specimens. The main effectiveness of the technique is based on an improvement of the weld toe 
topography, a work-hardening of the surface layer material within the post-treated area and an insertion of 
compressive residual stresses. The first two effects are specifically analyzed in [3] and proof the beneficial effect on 
the local properties. To assess the residual stress condition X-ray measurements are performed at three positions of 
each weld toe, see Fig. 2. 
 
 
Fig. 2. Position of X-ray residual stress measurement points 
The results for each S690 and S960 specimen show that at almost each point a compressive residual stress state is 
measured, which basically verifies the effective application of the HFMI-treatment, see Table 1. 
Table 1. Results of residual stress X-ray measurements after HFMI-treatment and before PHT 
Residual stress in loading direction [MPa] S690 S960 
Measurement point 1.1 -401±20 -427±21 
Measurement point 1.2 -334±14 -526±16 
Measurement point 1.3 
Measurement point 2.1 
Measurement point 2.2 
Measurement point 2.3 
-361±09 
-324±16 
-420±20 
-398±14 
-507±17 
-480±33 
-511±15 
-341±19 
2.2. Post-heat treatment 
For the stress-relief annealing process the temperature should be within 530 and 580°C according to the 
recommendation for welded steel structures in [4]. The annealing time has to be 2 min for 1 mm wall thickness, but 
at least 30 min. A numerical model is set-up to analyze the needed time for through warming of the specimen in the 
oven, see Fig. 3. After 300 sec the target value of 550°C is reached at the specimen core and from this point on the 
annealing time of 30 min begins. A re-assessment of the residual stress condition after PHT shows, that all points 
in Table 1 exhibit measured values of 0±20 MPa, which proofs the effectiveness of the stress-relief annealing. 
 
 
Fig. 3. Nodal temperature (NT) at initial state (20°C), after 120 sec and 300 sec (550°C) 
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3. Fatigue tests 
3.1. Testing parameters 
In the course of the fatigue tests a tumescent stress ratio of R=0.1 is applied and all specimens are tested until 
total burst rupture. The fatigue assessment in the finite life regime is performed by using the evaluation procedure 
according to [5]. An assessment of the endurance stress range in the high-cycle fatigue region is performed based on 
the arcsin-sqrt transformation [6] at a constant number of fifty million load cycles to determine the fatigue limit. The 
S/N-curves in the high cycle fatigue region are presented assuming a second slope of k2=22 as suggested for 
constant-amplitude tests in [1]. 
3.2. Results 
The evaluated nominal S/N-curves for the high-strength steel S690 are pictured in Fig. 4. At first, a significant 
improvement of the fatigue strength is observable due to the HFMI-treatment. The fatigue resistance at two million 
load-cycles increases by 30 % from 230 MPa for the as-welded up to 300 MPa for the HFMI-treated condition. In 
addition, the slope k in the finite lifetime region enhances and the transition knee-point Nk decreases, which 
contributes to a beneficial fatigue strength behavior. 
 
 
Fig. 4. Nominal S/N-curves for S690 
A comparison of the HFMI-treated test series with and without PHT exhibits a diminution of the fatigue strength 
due to superimposed stress-relief annealing. Thereby, the nominal stress range at two million load-cycles reduces 
by 10 % down to 270 MPa and auxiliary the slope k diminishes and Nk advances, leading to a degradation of the 
fatigue resistance. However, the final HFMI-treated and PHT condition exceeds the as-welded state and an 
improvement is still noticeable. A summary of the S/N-curve parameters for the high-strength steel S690 is provided 
in Table 2. 
Table 2. S/N-curve parameters for S690 
Test series 'Vn (2e6) [MPa] k [-] Nk [-] 1/TS [-] 
As-welded 230 4.4 1.106 1.11 
HFMI-treated 
HFMI-treated and PHT 
300 
270 
5.9 
4.8 
7.105 
1.106 
1.13 
1.04 
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A representation of the S/N-curve results for the high-strength steel S960 is shown in Fig. 5. Basically the same 
tendencies as for the base material S690 are detectable. Firstly, the HFMI-treatment leads to an essential increase of 
the fatigue performance compared to the as-welded state. The fatigue strength at two million load-cycles rises up 
by 60 %, from 195 MPa for the as-welded to 315 MPa for the HFMI-treated specimens. Additionally the transition 
knee points significantly shifts to a lower number of load-cycles, leading to increased fatigue strength in the high-
cycle fatigue region. 
 
 
Fig. 5. Nominal S/N-curves for S960 
In case of the HFMI-treated and PHT condition it is observable that, similar to the results with S690, a decline of the 
fatigue strength occurs. In regard to the S960 steel grade, a reduction by 25 % leads to a drop of the nominal stress 
range at two million load-cycles down to 235 MPa. Nevertheless, the fatigue strength of the final HFMI-treated and 
PHT state is still 20 % higher compared to the initial as-welded samples. Table 3 summarizes the evaluated S/N-
curve parameters for the base material S960. 
Table 3. S/N-curve parameters for S960 
Test series 'Vn (2e6) [MPa] k [-] Nk [-] 1/TS [-] 
As-welded 195 4.3 3.106 1.08 
HFMI-treated 
HFMI-treated and PHT 
315 
235 
3.9 
3.2 
4.105 
6.105 
1.12 
1.19 
 
Summarized, the fatigue test results exhibit that the HFMI-treatment increases the fatigue resistance of as-welded 
joints significantly, but a subsequent PHT reduces the fatigue strength again. The lateral effect can be evoked by 
either by the compressive residual stress relaxation and/or by a certain change of the base material properties. 
Therefore, hardness measurements are performed in order to analyze the influence of PHT on the static properties of 
the investigated base materials, see Table 4. 
Table 4. Results of hardness measurements (HV3) at base and filler material 
Base material (filler metal) Before PHT After PHT 
S690 (G69) 287 (235) 283 (233) 
S960 (G89) 323 (287) 319 (285) 
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The hardness results are presented as mean values of numerous measurements and indicate that only a slight 
decrease of about two percent of the static tensile strength due to the PHT occurs. In [7] the influence of PHT on 
welded high-strength steel joints is analyzed. Thereby, the hardness shows an almost similar behavior and remains 
practically unchanged for tempering times up to 6 h at a temperature of 580°C. An evaluation of the impact 
toughness indicates a minor increase compared to the as-welded condition at short tempering times, followed by a 
slight drop for comparable longer times. As these findings are corresponding to the results in this paper, no 
significant change of the base material properties is assumed. Further on, the decrease of the fatigue strength by the 
PHT can be mostly assigned to the relaxation of the beneficial compressive residual state. 
4. Effect of distortion 
Distortion, as result of the thermo-mechanical welding process, can have a major effect on the fatigue 
performance especially in case of complex welded structures. During the assembling of distorted components high 
residual stress states may emerge, which are superimposed to the residual stresses and basically act as mean stresses 
during fatigue loading. The influence of such conditions on the fatigue behavior of welded joints, depending on 
loading conditions and weld geometry, is investigated in [8] involving a proposal for design values incorporating 
different mean stress states. In general, the produced residual stress and distortion situation strongly depends on the 
material properties, welding parameters and boundary conditions. By the aid of structural weld simulation 
techniques a detailed investigation of these effects is enabled, see [9, 10]. To evaluate the distortion of the examined 
T-joint specimens extensive measurements are performed for the as-welded, HFMI-treated, and superimposed PHT 
samples and the resulting angular deformation is depicted in Fig. 6. 
 
        
Fig. 6. Results of distortion measurements for as-welded and HFMI-treated [11], and HFMI-treated including PHT condition 
The measurement results reveal that the HFMI-treated specimens exhibit a reduced angular distortion compared to 
the as-welded state. Further on, a comparison of the HFMI-treated condition with and without PHT shows almost no 
influence in regard to the angular distortion of the investigated specimens. To assess the effect of distortion on the 
local notch stress condition in detail, linear-elastic numerical analyzes and strain gauge measurements of the 
clamping process are performed. The results in Fig. 7 indicate that the angular distortion has a major influence on 
the local notch stress depending on the actual notch radius at the weld toe. For the HFMI-treated specimens in this 
work a weld toe radius of U=2 mm is achieved due to the used pin during post-treatment. Strain gauge measurements 
during clamping of the distorted specimens basically proof the numerical results. A typical measured stress 
distribution during clamping is exemplified demonstrating the final mean stress condition due to the clamping of the 
distorted T-joint specimen. As the PHT of the HFMI-treated specimens ensures a relaxation of the residual stresses 
an assessment of the clamping induced mean stress state is directly enabled. 
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Fig. 7. Effect of angular distortion on notch stress state after clamping by linear-elastic numerical analysis and strain gauge measurements 
According to [1] benefit factors for upgrading the fatigue strength are dependent on the residual stress condition and 
the R-ratio of the external loading conditions. In case of un-welded base material, wrought products with negligible 
residual stresses (lower than 20 % of base material yield strength) and stress-relieved welded components, the 
enhancement factor f(R) is defined as follows: 
 
  f(R) = 1.6  for R < -1 or completely in compression   (1) 
  f(R) = -0.4.R+1.2  for -1 ≤ R ≤ 0.5      (2) 
  f(R) = 1   for R > 0.5      (3) 
 
As the residual stress measurement results show that due to the PHT the compressive residual stress state is 
completely relaxed a further assessment based on the given equations is enabled. On the basis of the distortion 
measurement results in Fig. 6 an angular distortion of the investigated T-joints for the HFMI-treated condition with 
and without PHT of -0.2° ≤ D ≤ -0.6° is evaluated. Furthermore, a linear-elastic numerical analysis incorporating 
these distortion values and applying a weld toe radius of U=2 mm - valid for the HFMI-treated state - leads to a 
maximum principle mean stress condition at the weld toe after clamping of -45 ≤ Vk,clamp ≤ -110 MPa. Due to the 
stress-relief annealing process it is assumed that for the HFMI-treated and PHT specimens only these local mean 
stresses occur during testing. 
A continuative assessment of the local effective stress ratio Reff by a superposition of the evaluated clamping mean 
stresses with the external load dependent stresses at R=0.1 is performed. The results in case of the maximum load 
level of 'Vn=600 MPa and the minimum load level of 'Vn=250 MPa (run-out level) of both investigated materials 
are summarized in Table 5. One can see that for the lower clamping mean stress a comparable minor change from 
the external stress ratio of R=0.1 to the local effective stress ratio of +0.05 ≤ Reff ≤ -0.04 over the spectrum of the 
incorporated load-levels takes place. On contrary, a high mean stress state affects the local R-ratio significantly 
especially in case of minor external loadings for assessing the high-cycle fatigue and run-out region leading to a 
decrease to Reff=-0.32 within this analysis. Based on equation (2) this equals a change by f(Reff=-0.32)=1.33 for the 
assessment of the high-cycle fatigue strength at the run-out load-level inducing a substantial increase of 33 % due to 
the clamping of the distorted specimens. 
Table 5. Influence of angular distortion D on local effective stress ratio Reff at weld toe 
Reff at external stress ratio of R=0.1 D=-0.2° D=-0.6° 
'Vn=600 MPa (maximum load-level) +0.05 -0.04 
'Vn=250 MPa (minimum load-level) -0.04 -0.32 
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5. Conclusion 
Based on the experimental and numerical investigations regarding the influence of PHT on the fatigue strength of 
HFMI-treated high-strength steel weld joints the following conclusions can be drawn: 
 
x HFMI-treatment as mechanical post-weld treatment technique significantly increases the fatigue strength of 
welded high-strength steel T-joints up to 60 %. Preliminary studies [3] involving extensive fatigue tests on 
different specimen geometries and steel grades confirm these findings. 
x Residual stress measurements for HFMI-treated specimens show that due to a superimposed stress-relief 
annealing the compressive residual stress state after the HFMI-treatment is almost completely relaxed. 
x Hardness measurements reveal only a minor decrease of about two percent of the static tensile strength due 
to PHT. Similar investigations in [7] show almost identical results, whereat numerous experiments proof 
that for identical PHT parameters as in this work, only a slight effect of the stress-relief annealing on the 
hardness and fracture toughness takes place. 
x The evaluated S/N-curves for the HFMI-treated condition with and without PHT exhibit a decrease 
of 10 to 25 % in fatigue strength due to the superimposed stress-relief annealing, whereat the final state 
after PHT still exceeds the initial as-welded condition by about 20 %. As the hardness measurements 
illustrate no essential change of the material properties, the decrease in fatigue strength by the PHT can be 
mostly explained by a relaxation of the beneficial compressive residual stresses. 
x Distortion measurements show differences in the evaluated angular deformation between the as-welded and 
HFMI-treated specimens, but no further effect of the stress-relief annealing for the HFMI-treated and PHT 
specimens is observable. 
x Numerical analysis and strain gauge measurements for HFMI-treated and PHT joints proof the significant 
effect of distortion on the notch mean stress state after clamping leading to a fundamental change of the 
local effective stress ratio at the weld toe during testing. 
 
Finally, it has to be stated that the same clamping induced local stresses arise also for the HFMI-treated condition 
without PHT. In this case a superposition with the post-treatment-induced compressive residual stress state occurs, 
which may lead to relaxation processes due to local yielding. This complex behavior will be investigated in 
upcoming studies by a numerical analysis of the manufacturing routine including simulation of welding, HFMI-
treatment, and PHT and finally, the clamping and testing procedure. 
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